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Abstract 
In this paper, thin-layer infrared drying behavior of dewatered municipal sewage sludge was systematically investigated. Drying 
experiments were conducted at drying temperatures from 65 to 135ć and the thickness of sludge cake from 2 to 10 mm. Twenty 
thin-layer drying kinetic models were selected to model the drying process, and model parameters were evaluated by nonlinear 
regression method, of which, two different nonlinear error functions (R2, RSS) were examined to gauge the goodness-of-fit. The 
experimental results manifested that Hasibuan and Daud model is the best suitable model with highest R2 values from 0.99951 to 
0.99996 and lowest RSS values from 3.3×10-4 to 0.00117 under our experimental conditions; drying rate increased with increase 
in drying temperature and decrease in the thickness of sludge cake; effective moisture diffusivity notably increased as drying  
temperature increased; activation energy for drying process was 34.9211 kJ/mol. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
Keywords: sludge cake; thin-layer drying; Hasibuan and Daud model; moisture diffusivity; activation energy 
1. Introduction 
With the increasingly stringency of environmental legislation and the increase of domestic and industrial activities, 
the output of sewage sludge from wastewater treatment plants also continuously increased throughout the world1,2. 
Therefore, how to deal with the increasing amounts of sewage sludge has become an important environmental topic.  
Due to abundant organic matter content, sewage sludge can be converted into energy3. However, dewatered sewage 
sludge could not be satisfactorily incinerated owing to its high water content and low heat value4. Therefore, further 
drying of dewatered sewage sludge is required. Of several common drying methods, thermal drying has been 
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extensively applied to stabilize sludge, reduce the mass and volume of sludge, destroy pathogens, reduce the cost of 
handling and transportation, and so on5,6. 
As we all know, many dryers used for sludge thermal drying are obtainable in the market. However, relevant 
knowledge of drying kinetics is required for the choice of a suitable dryer and its operating parameters. Drying kinetic 
model can predict and simulate drying process, and provide theoretical basis for dryers design and facilitate a better 
understanding of drying mechanisms7,8,9.   
In recent years, many thin-layer drying kinetic models have been used to describe thin-layer drying behavior of 
sludge. However, there is not an extensively investigation on thin-layer drying kinetic models of dewatered municipal 
sewage sludge. The main purpose of this study was to investigate the influences of the thickness of sludge cake and 
drying temperature on thin-layer drying behavior of dewatered municipal sewage sludge from a sewage treatment 
plant, and the applicability of twenty thin-layer drying kinetic models to drying process. The main objectives of this 
study were: (1) to obtain a thin-layer drying kinetic model suitable for the drying process in our study; (2) to calculate 
effective moisture diffusivities and activation energy of drying process.   
 
Nomenclature 
 
a, b, c, n 
 
 
Empirical constants in thin-layer drying kinetic models 
k, g, h  drying rate constants (1/s) 
MR Dimensionless moisture ratio 
DR Drying rate (gwater/(gdry matter·min )) 
MRexp,i Experimental dimensionless moisture ratios 
MRpred,i Predicted dimensionless moisture ratios 
W0 Initial mass of sludge cake (g) 
Wt Mass of evaporated moisture at time t (g)  
Wd Dry mass of sludge cake (g). 
M0  Initial moisture content (gwater/(gdry matter) 
Me  Equilibrium moisture content (gwater/(gdry matter) 
Mt  Moisture content at time t (gwater/(gdry matter) 
Mt+dt  Moisture content at time t+dt (gwater/(gdry matter)  
N Number of observation  
Deff Effective diffusivity (m2/s) 
D0 Pre-exponential factor (m2/s) 
Ea  Activation energy (kJ/mol) 
L Thickness of sludge cake (m) 
t  Drying time (min) 
T  Drying temperature (ć) 
R  The gas constant (8.314 kJ/( K· kmol))     
R2  Correlation coefficient 
RSS Residual sum of squares 
λ First root of transcendental eigenvalues8 
 
2. Materials and methods  
2.1. Materials 
The fresh samples of dewatered municipal sewage sludge (DWMSS) were obtained from a sewage treatment plants 
(Beijing). Initially average moisture content of DWSS was 76 wt% (dry basis), which was measured at T=105ć in 
sartoriu moisture  analyzer MB25 (Germany). 
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Sludge cake was prepared into cylindrical pieces with diameter equal to 1.7cm and thickness (L) from 2mm to 
10mm. Each drying experiment was performed in triplicate. 
2.2. Infrared Drying Experiments 
In our study, sartorius moisture analyzer MB25 (Germany) was used as drying equipment. The relevant technical 
features of such device are as follows: maximum power of 250 W; temperature range of 50-160ć; temperature 
sensitivity of 1%; maximum load of 110 g; balance sensitivities of 0.6% for 1 g sample and 0.06% for 10 g sample; 
balance resolution of 10−3 g. 
 Thin-layer infrared drying experiments of DWMSS were conducted in our laboratory. Prepared sludge cake was 
put on the tray in moisture analyzer. Drying temperature was set as 65, 85, 100, 115, 125 and 135ć, respectively. 
Mass of sludge cake was recorded at 30 s intervals during drying process in order to obtain drying characteristic curve. 
The flow-chart of thin-layer drying experiment was shown in Fig.1. 
 
 
 
 
  
 
 
 
 
Fig. 1 Flow-chart of thin-layer drying experiment  
2.3. Data analysis 
Moisture content of sludge cake was calculated as follows10: 
ܯ௧ ൌ
ሺௐ೚ିௐ೟ሻିௐ೏
ௐ೏
                                                                                                                                                         (1) 
The moisture ratio (MR) was calculated by mass loss of sludge cake during drying process, just as follows10: 
ܯܴ ൌ ெ೟ିெ೐ெబିெ೐                                                                                                                                      (2) 
 The drying rate (DR) of sludge cake was calculated as follows10: 
ܦܴ ൌ ெ೟శ೏೟ିெ೟ௗ௧                                                                                                                                                              (3)  
2.4. Thin-layer drying models of drying curves 
Semi-theoretical and empirical models describing kinetic behaviour of thin-layer drying process have been 
developed in literatures. The selected twenty thin-layer drying kinetic models are presented in Table 1, just as follows. 
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Table 1. Thin-layer drying models selected in this study 
Num Model Mathematical expression Reference 
1 Lewis  ൌ ሺെሻ 11 
2 Henderson and Pabis  ൌ  ൉ ሺെሻ 12 
3 Page  ൌ ሺെ୬ሻ 13 
4 Modified page I  ൌ ሺെሺሻ୬ሻ 14 
5 Modified page II  ൌ ሺെሺ ଶሻ
୬ሻ 15 
6 Simplified Fick’s diffusion  ൌ ሺെሺ ଶሻሻ 
15 
7 Weibull  ൌ ሺെሺሻ
ୠሻ 16 
8 Thompson  ൌ  ൉ ሺሻ ൅  ൉ ሺሺሻሻଶ 17 
9 Wang and Singh model  ൌ  ൉ ଶ ൅  ൉  ൅ ͳ 18 
10 Parabolic model  ൌ  ൅  ൉  ൅  ൉ ଶ 19 
11 Logarithmic  ൌ  ൉ ሺെሻ ൅  20 
12 Midilli  ൌ  ൉ ሺെ୬ሻ ൅  ൉  21 
13 modified Midilli  ൌ ሺെ୬ሻ ൅  ൉  22 
14 Balbay and Sahin  ൌ ሺͳ െ ሻ ൉ ሺെ୬ሻ ൅  23 
15 Hasibuan and Daud  ൌ ͳെ  ൉ ୬ ൉ ሺെ୬ሻ 24 
16 Two-term  ൌ  ൉ ሺെଵሻ ൅  ൉ ሺെଶሻ 25 
17 Two-term exponential  ൌ  ൉ ሺെሻ ൅ ሺͳ െ ሻ ൉ ሺെሻ 26 
18 Approximation of diffusion  ൌ  ൉ ሺെሻ ൅ ሺͳ െ ሻ ൉ ሺെሻ 27 
19 Verma  ൌ  ൉ ሺെሻ ൅ ሺͳ െ ሻ ൉ ሺെሻ 28 
20 Modified Henderson and Pabis  ൌ  ൉ ሺെሻ ൅  ൉ ሺെሻ ൅  ൉ ሺെሻ 29 
 
2.5. Nonlinear regression analysis 
The nonlinear regression analysis was conducted by origin 8.0 software. Two error functions (R2, RSS) were used 
as criteria to assess the goodness-of-fit of thin-layer drying kinetic models to experimental data. The higher R2 value 
and the lower RSS value, the better is the goodness-of-fit. 
2.6. Determination of effective moisture diffusivity (Deff) 
Due to drying process mostly occurs in the falling rate period, moisture diffusion during drying process is mainly 
controlled by internal diffusion. On the basis of Fick’s law, and initial and boundary conditions, Reyes et al7 derived 
a diffusion model for calculating effective moisture diffusivity (Deff), just as follows: 
ܯܴ ൌ ଶ௦௜௡
మሺఒሻ
ఒమାఒ ௦௜௡ሺఒሻ ௖௢௦ሺఒሻ ݁ݔ݌ሺെߣ
ଶ ஽೐೑೑
௅మ ݐሻ                                                                                                                       (4) 
2.7. Determination of activation energy 
The relationship between effective moisture diffusivity and drying temperature was described by Arrhenius 
equation, as shown in Eq.(5). The activation energy (Ea) can be determined from Eq.(5). 
ܦ௘௙௙ ൌ ܦ଴݁ݔ݌ሺെ
ாೌ
ோሺ்ାଶ଻ଷǤଵହሻሻ                                                                                                                                      (5) 
3. Results and discussion 
3.1. Experimental Drying Curves 
The drying behavior of sludge cake in our study was similar. However, the drying time of each drying process  
under different thicknesses of sludge cake and drying temperatures was different.   
    Fig.2 presented drying curve under different thicknesses of sludge cake and drying temperatures. As shown in  
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Fig.2, thinner sludge cake and higher drying temperature resulted in faster drying. Of which, Fig.2(a) showed that  
drying time required to reach the final moisture ratio were 42, 47, 60, 80, 95 and 100 min at sludge cake thicknesses  
of 2, 4, 6, 8 and 10 mm, respectively, the average drying rate increased 2.38 times as the thickness of sludge cake  
decreased from 10 to 2 mm. Fig.2(b) presented that drying time required to reach the final moisture ratio were 48,  
45, 42, 39, 32 and 29 min at drying temperatures of 65, 85, 100, 115, 125 and 135ć, respectively, the average  
drying rate increased 1.66 times as drying temperature  
 
a                                                                                  b 
 
   
 
 
 
 
 
 
 
 
 
Fig.2. Drying curve for T=100ć under different thicknesses of sludge cake (a) and for L=2mm under different drying temperatures (b)  
 
Drying rate were directly calculated from Eq.(3), and drying rate curve exhibits a certain discrete of experimental 
data7. Fig.3 presented drying rate versus moisture ratio under different thicknesses of sludge cake and drying 
temperatures. As shown in Fig.3, drying process mostly took place in the falling rate period, which proves that  
diffusion due to physical mechanism governs moisture movement in sludge cake10. 
 
 a                                                                                    b 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Drying rate curve for T=100ć under different thicknesses of sludge cake (a) and for L=2mm under different drying temperatures (b) 
3.2. Mathematical Modeling of Thin-layer drying 
The twenty thin-layer drying kinetic models were fitted with experimental data (moisture ratio versus drying  
time). The results of nonlinear regression analysis were presented in Tables 2-3. 
As shown in Tables 2-3, The R2 and RSS values were from 0.24988 to 0.99996 and from 3.3×10-4 to1627.77, 
respectively. Of the twenty thin-layer drying kinetic models, Hasibuan and Daud model gave the highest R2 from 
0.99951 to 0.99996 and lowest RSS values from 3.3×10-4 to 0.00117, respectively. Therefore, Hasibuan and  
Daud model was the best suitable model to describe thin-layer drying characteristic of DWMSS in our study. 
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Table 2. The results of nonlinear regression for T=100ć under different thicknesses of sludge cake 
Num 
L=2 mm L=3 mm L=4 mm L=6 mm L=8 mm L=10 mm 
RSS R2 RSS R2 RSS R2 RSS R2 RSS R2 RSS R2 
1 0.09799 0.97319 0.08714 0.97849 0.14116 0.97420 0.16986 0.97498 0.23721 0.97135 0.33690 0.96093 
2 0.07986 0.97761 0.06880 0.98265 0.11771 0.97812 0.13234 0.98026 0.16833 0.97945 0.22806 0.97328 
3 0.03072 0.99139 0.02340 0.99410 0.04468 0.99169 0.04417 0.99341 0.04252 0.99481 0.06226 0.99271 
4 0.03071 0.99139 0.02340 0.99410 0.04468 0.99169 0.04417 0.99341 0.04252 0.99481 0.06216 0.99272 
5 0.05103 0.98570 0.03618 0.99087 0.06422 0.98806 0.06284 0.99063 0.06259 0.99236 0.08715 0.98979 
6 0.09799 0.97319 0.08714 0.97849 0.14116 0.97420 0.16986 0.97498 0.23721 0.97135 0.33690 0.96093 
7 0.03071 0.99139 0.02340 0.99410 0.04468 0.99169 0.04417 0.99341 0.04252 0.99481 0.06216 0.99272 
8 1788.08 0.72339 2223.09 0.75343 3708.47 0.80849 6673.98 0.84476 9461.91 0.86613 21246.7 0.74272 
9 0.00375 0.99895 0.00446 0.99888 0.00477 0.99911 0.00394 0.99941 0.00115 0.99986 6.7×10-4 0.99992 
10 0.00160 0.99954 0.00243 0.99937 0.00184 0.99965 0.00121 0.99982 0.00109 0.99987 4.0×10-4 0.99995 
11 9.4×10-4 0.99973 0.00204 0.99947 0.00147 0.99972 0.00239 0.99964 0.00420 0.99948 0.00205 0.99976 
12 0.00111 0.99967 0.00190 0.99950 0.00176 0.99966 0.00170 0.99974 0.00127 0.99984 6.8×10-4 0.99992 
13 0.00124 0.99964 0.00219 0.99943 0.00207 0.99961 0.00252 0.99962 0.00179 0.99978 7.4×10-4 0.99991 
14 9.4×10-4 0.99972 0.00172 0.99955 0.00145 0.99972 0.00134 0.99980 0.00103 0.99987 5.0×10-4 0.99994 
15 8.3×10-4 0.99976 0.00151 0.99961 0.00126 0.99976 0.00103 0.99984 7.6×10-4 0.99991 3.3×10-4 0.99996 
16 0.07986 0.97647 0.06880 0.98186 0.11771 0.97735 0.13234 0.97974 0.16833 0.97900 0.22806 0.97272 
17 0.03413 0.99043 0.02551 0.99357 0.04972 0.99076 0.05045 0.99247 0.05499 0.99329 0.08577 0.98995 
18 0.00119 0.99966 0.00168 0.99957 0.04389 0.99170 0.00156 0.99976 0.04589 0.99434 0.07280 0.99138 
19 0.03015 0.99134 0.02202 0.99432 0.04389 0.99170 0.04344 0.99343 0.04589 0.99434 0.07280 0.99138 
20 0.07986 0.97519 0.06880 0.98099 0.11771 0.97653 0.13234 0.97919 0.16833 0.97853 0.22806 0.97214 
Table 3. The results of nonlinear regression for L=2mm under different drying temperatures  
Num 
T=65ć T=85ć T=100ć T=115ć T=125ć T=135ć 
RSS R2 RSS R2 RSS R2 RSS R2 RSS R2 RSS R2 
1 0.19876 0.95023 0.16174 0.95740 0.09799 0.97319 0.05019 0.98456 0.03992 0.98563 0.04048 0.98414 
2 0.16597 0.95750 0.13732 0.96301 0.07986 0.97761 0.04457 0.98593 0.03419 0.98730 0.03642 0.98522 
3 0.06989 0.98210 0.06230 0.98322 0.03072 0.99139 0.02365 0.99253 0.01546 0.99426 0.02032 0.99176 
4 0.06989 0.98210 0.06227 0.98323 0.03071 0.99139 0.02364 0.99254 0.01545 0.99426 0.02031 0.99176 
5 0.11130 0.97150 0.09370 0.97476 0.05103 0.98570 0.03406 0.98925 0.02192 0.99186 0.02892 0.98826 
6 0.19876 0.95023 0.16174 0.95740 0.09799 0.97319 0.05019 0.98456 0.03992 0.98563 0.04048 0.98414 
7 0.06989 0.98210 0.06227 0.98323 0.03071 0.99139 0.02364 0.99254 0.01545 0.99426 0.02031 0.99176 
8 4594.62 0.50803 2112.89 0.73347 1788.08 0.72339 1528.23 0.70573 1026.16 0.64597 1627.77 0.24988 
9 0.00633 0.99838 0.00684 0.99816 0.00375 0.99895 0.01449 0.99543 0.00955 0.99645 0.01299 0.99473 
10 0.00314 0.99918 0.00270 0.99926 0.00160 0.99954 0.00602 0.99805 0.00431 0.99835 0.00588 0.99753 
11 0.00279 0.99927 0.00210 0.99942 9.4×10-4 0.99973 0.00100 0.99968 0.00105 0.99960 0.00185 0.99922 
12 0.00181 0.99951 8.0×10-4 0.99977 0.00111 0.99967 5.9×10-4 0.99981 0.00127 0.99950 0.00179 0.99922 
13 0.00181 0.99953 8.0×10-4 0.99978 0.00124 0.99964 6.1×10-4 0.99980 0.00134 0.99948 0.00181 0.99924 
14 0.00180 0.99952 7.8×10-4 0.99978 9.4×10-4 0.99972 4.8×10-4 0.99984 0.00104 0.99959 0.00151 0.99934 
15 0.00180 0.99953 7.8×10-4 0.99979 8.3×10-4 0.99976 4.2×10-4 0.99986 7.0×10-4 0.99973 0.00117 0.99951 
16 0.16597 0.95547 0.13732 0.96125 0.07986 0.97647 0.04457 0.98515 0.03419 0.98642 0.03642 0.98408 
17 0.08353 0.97861 0.07076 0.98094 0.03413 0.99043 0.02277 0.99281 0.01518 0.99436 0.01993 0.99191 
18 0.07574 0.98015 0.06441 0.98225 0.00119 0.99966 0.00275 0.99911 0.00126 0.99951 0.04048 0.98296 
19 0.07574 0.98015 0.06446 0.98223 0.03015 0.99134 0.02078 0.99326 0.01349 0.99482 0.01822 0.99233 
20 0.16597 0.95325 0.13732 0.95931 0.07986 0.97519 0.04457 0.98428 0.03419 0.98542 0.03642 0.98276 
 
Hasibuan and Daud model is further validated by the comparison of experimental data and predicted curve, as 
shown in Fig.4. The good agreement between experimental data and predicted curve indicates that Hasibuan and 
Daud model could be satisfactorily applied to predict the drying process of DWMSS in our study. Similar results have 
been reported on the use of modified page model30, Wang-singh model31 and Midilli model32 to describe drying 
characteristics of sludge cake. The application of Hasibuan and Daud model is however different from these  
reports, which is mainly due to the difference of sludge origin and experimental conditions.     
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Fig.4. Comparison between experimental and predicted values of moisture ratio Using Hasibuan and Daud model for T=100ćunder different 
thicknesses of sludge cake (a) and for L=2 mm under different drying temperatures (b) 
3.3. Effective moisture diffusivity 
The effective moisture diffusivity (Deff) was calculated using Eq. (4). Deff values were 0.16670×10−8, 0.33487× 
10−8, 0.50149×10−8, 0.75086×10−8, 1.00095×10−8 and 1.33440×10−8 m2/s at drying temperatures of 65, 85, 100, 115, 
125 and 135ć, respectively. As expected, Deff value markedly increased as drying temperature increased. The  
reason maybe that water activity increased with increase in heating energy due to higher drying temperature, which  
would result in higher moisture diffusivity33. 
Of literatures in thin-layer drying of sewage sludge, Arlabosse et al34 concluded that Deff value of 5.7×10-9 m2/s 
with L=1 mm and 3.8×10-9 m2/s with L=0.5 mm for a primary sludge from a wastewater treatment plant.  
Reyes et al7 reported that Deff values ranged from 1.56×10-8 to 3.72×10-8 m2/s with L=5 mm under different drying 
temperatures and air velocities. The corresponding Deff values in our study are different, which may due to different 
sludge origins and experimental conditions. However, it should be evident that Deff values in our study are in the 
range of Deff values for several non-food materials35.  
3.4. Activation energy 
The activation energy (Ea) can be determined from the slope of ln(Deff) versus 1/(T+ 273.15) (Eq. 5).  
In order to obtain the influence of drying temperature on Deff value, ln(Deơ) versus 1/(T൅ʹ͹͵Ǥͳͷ) are plotted in 
Fig. 5, which presented a good linear relationship. 
 
Fig.5. Influence of drying temperature on eơective moisture diơusivity 
    The influence of drying temperature on Deff value was shown as follows: 
a b 
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ܦ௘௙௙ ൌ ͵Ǥͻ ൈ ͳͲିସ݁ݔ݌ሺെ
ସଶ଴଴Ǥଶ଼
்ାଶ଻ଷǤଵହሻ         (R
2= 0.99774)                                                                                           (6) 
Ea was 34.9211 kJ/mol (R2=0.99774). This values in literatures were 30.070 kJ/mol (dewatered biological sludge)7, 
9. 435 kJ/mol (paper mill sludge)30, 16.67 kJ/mol (municipal sludge)31, 26.250 kJ/mol (dewatered sludge with L=2 
mm)32, 22.032 kJ/mol (dewatered sludge with L= 4 mm)32, 21.894 kJ/mol (dewatered sludge with  
L=6 mm)32 and 20.961 kJ/mol(dewatered sludge with L=10 mm)32,respectively. 
4. Conclusion 
In our experimental conditions, thin-layer infrared drying process of dewatered municipal sewage sludge mainly 
occurred in the falling rate period. Moreover, it was observed that both thinner sludge cake and higher drying 
temperature resulted in faster drying rates, hence reducing the total drying time. The predicted curve obtained from 
Hasibuan and Daud model was in good agreement with experimental data. Effective moisture diffusivity values 
ranged from 0.16670×10−8 to 1.33440×10−8 m2/s as drying temperatures varied from 65 to135ć.The activation  
energy needed for moisture diffusion was 34.9211 kJ/mol. 
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